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Biofilm communities host complex biogeochemical processes and play a role in
the formation of many carbonate rocks by influencing both carbonate precipitation and
dissolution. In this study, the biogeochemistry of microbial mats from a hypersaline
pond and biofilm from a coral reef are described using SEM, microelectrode profiling,
Biolog, fatty acid methyl ester (FAME) and carbon nitrogen analysis. Results show that
the microbial mats are distinctly layered, having an oxic upper portion and an H2S-rich
lower portion. The most significant conclusions are that the mats have exceptionally high
TOC values and display significant differences in microbial communities present, both
between layers and between cores. Additionally, organic matter is abundant in microbial
mat and biofilm samples, but evidence of precipitation is surprisingly lacking.
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW

The objectives of this research are to determine biogeochemical parameters of
microbial mat samples through a combination of microelectrode profiling, carbon
nitrogen content, fatty acid methyl ester (FAME) and carbon substrate utilization
profiling (Biolog). The proposed research also aims to image both biofilm and microbial
mat samples using electron microscopy to observe bacteria, organic matter and
precipitates.
Hypotheses:
• There will be statistically significant differences in the community composition
(e.g. Biolog and FAME) and geochemical parameters (e.g. porewater H2S and
O2) of the microbial mat along a salinity transect
• There will be statistically significant differences in the community composition
(e.g. Biolog and FAME) and geochemical parameters (e.g. porewater H2S and
O2) of the microbial mat layers within individual cores
• There will be observable differences, as measured using electron microscopy, in
relative amounts and types of organics and inorganics in microbial mat and reef
biofilm samples
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Background
Bacteria are fundamental organisms in the creation of microbial carbonates,
which are created from of a combination of biotic and abiotic factors (Riding, 2000).
Biofilms are layers of microbial organisms, including bacteria, surrounded by an organic
matrix that was produced by microbes (Wilkinson et al., 1985). Microbial mats are
benthic, laminated, self-sustaining ecosystems that occur on surface sediments of hot
springs, deep sea vents, polar lakes, hypersaline lagoons, hardwater lakes, coral reefs,
sewage treatment plants and estuaries. They are also extensively involved in the
production, accumulation and diagenesis of some marine sediments (Pinckney et al.,
1995). Stratification of phototrophic, chemotrophic and heterotrophic bacteria within
biofilms and microbial mats form interdependent, vertical layers (Paerl and Pinckney,
2000). The various types of bacteria found within the multiple layers function as a
consortium that together perform necessary chemical cycling (Paerl et al., 2000). It is
believed that consortial associations allow microbial mats to remain self-sufficient and
productive under ecologically harsh conditions (Paerl et al., 2000). Members of the mat
consortium are structurally simple, which allows for a high tolerance for environmental
extremes. The biochemical microenvironments within microbial mats and biofilms allow
for the proximal and simultaneous occurrence of multiple metabolic processes, including,
but not limited to, NO2 fixation, CO2 fixation, denitrification, nitrification, sulfate
reduction, methanogenesis (Paerl and Pinckney, 1996). Generally, the upper zone of a
mat is oxic and dominated most commonly by cyanobacterial aerobic phototrophs.
Lower in the mat, anoxic conditions persist and H2S- rich portions of a mat are occupied
by anaerobic heterotrophs. Heterotrophic bacteria decompose available organic material
2

within the mats through processes such as denitrification, sulfate reduction and
methanogenesis, which occur successively with increasing depth (Riding, 2000; Paerl and
Pinckney, 1996; Paerl et al., 2003). Studies have documented that diurnal shifts of
chemical and biological zonation can occur within the mat (Revsbech et al., 1983).
Stratification in the microbial mat can also be a result of different growth periods, or
seasonal or episodic events (Stal, 1995).
Modern reefs contain a variety of biofilms that can range in thickness from a
single layer of cells to several tens of millimeters (Kirkland et al., 1998). Biofilms
encrust other organisms on a reef, as well as trap and bind detrital sediment (Wilkinson et
al., 1985). Reef biofilms can potentially contain prokaryotes, algae and microscopic
invertebrates (Burne and Moore 1987). Calcified biofilms with distinctive morphologies
that resemble modern, uncalcified biofilms have been found to be widespread in many
ancient reefs throughout the Phanerozoic (Riding, 2009). Kirkland et al. (1998)
suggested that microbialite is the dominant micrite present in parts of the Permian
Capitan Formation in the Guadalupe Mountains, and that much of the microbialite was
precipitated in association with microbial biofilms.
Microbial mats are generally millimeters thick and biofilms are typically submillimeter films (Riding, 2000), thus measurement techniques must be utilized that can
be effective over these scales. The use of microelectrodes has been shown to be a
reliable technique for documenting the heterogeneity and chemical microgradients within
microbial mats and biofilms (Paerl and Pinckney, 1996). Revsbech and Jorgensen were
pioneers in using microelectrodes in their ecological and biogeochemical studies of
marine sediments (Revsbech and Jorgensen, 1986). Revsbech et al. (1983) studied the
3

structure and chemical microgradients of microbial mats from a hypersaline pond, Lake
Solar, Sinai, over a diel cycle using O2, H2S and pH microelectrodes. In a related study
on the Lake Sinai microbial mats, Revsbech et al. (1983) combined light and scanning
electron microscopy with O2, H2S and pH profiles, and rates of photosynthesis.
Microelectrode profiling revealed that the Lake Sinai microbial mats had an oxic upper
zone and a sulfidic lower zone. O2 and H2S only coexisted in a narrow zone, less than 1
mm thick. Microelectrodes have also been used to study carbonate precipitation in
microbial mats in a hypersaline lake in Eleuthera, Bahamas (Dupraz et al., 2004), and in
the role of the sulfur cycle in lithification of modern stromatolites at Highborne Cay,
Bahamas (Visscher et al., 1998).
Bacteria have been implicated in precipitation of calcium carbonates in tidal flats,
travertine, stromatolites and reef environments (Folk and Chafetz, 2000). Peloids, (silt to
sand-sized grains) that are believed to be bacterially induced precipitates, have been
reported in modern and ancient reefs as well as stromatolites (Chafetz, 1986). Hillgartner
et al. (2001) found that microbial binding and microbially-induced precipitation of calcite
and aragonite is largely responsible for the initial stabilization and cementation in shallow
marine carbonate sands. Bacterially-induced precipitation is thought to be the result of
diverse microbial metabolic processes that occur within the microenvironments created
by biofilms and microbial mats (Decho, 2000; Des Marais, 1997). Extracellular
polymeric substances (EPS), a mucilaginous compound widely created by microbes and
abundant in biofilms and microbial mats, were found to be the primary structuring agent
for microbial microenvironments in a study of intertidal biofilms by Decho (2000). EPS
also contribute to bacterially-induced carbonate precipitation because heterotrophic
4

bacteria utilize EPS for an energy and carbon source (Dupraz et al., 2004). Not all
carbonate sediments found within EPS are, however, necessarily of bacterial origin; EPS
promotes accretion of microbial mats and biofilms by functioning as a trapping and
binding agent (Riding, 2000).
The results from early studies of biologically-induced CaCO3 precipitation
indicated that the assimilation of CO2 during photosynthesis, primarily by cyanobacteria,
increased the pH in microenvironments of microbial mats and biofilms, resulting in
carbonate precipitation (Hillgartner et al., 2001). Revsbech et al. (1983) documented pH
shifts in microbial mats from Solar Lake, Sinai in both vertical profiles and within a diel
cycle (24 hour period) associated with changes in available light. Changes in pH could
result in either the precipitation or the dissolution of calcium carbonate. Further research
has demonstrated that multiple metabolic processes including aerobic photosynthesis,
ammonification, denitrification, sulfate reduction and aerobic sulfide oxidation can
contribute to precipitation or dissolution or CaCO3 (Riding, 2000). Photosynthesis and
sulfate reduction should result in a net precipitation of CaCO3; whereas, aerobic
respiration, fermentation and aerobic sulfide oxidation should result in a net dissolution
of CaCO3 (Table 1) (Visscher et al., 1998).
Table 1

Microbial metabolic processes resulting in precipitation or dissolution
of CaCO3 (Visscher et al., 1998).

Photosynthesis

2HCO3- + Ca2+  [CH2O] + CaCO3 + O2

Sulfate Reduction

2[CH2O] +SO42- + Ca2+  CaCO3 + CO2 + H2O + H2S

Fermentation

3[CH2O] + CaCO3 + H2O 2HCO3- + Ca2+ +C2H6O

Aerobic Respiration

[CH2O] + CaCO3 + O2  2HCO3- + Ca2+

Aerobic Sulfide Oxidation

H2S + 2O2 + CaCO3  SO42- + Ca2+ + H2O + CO2
5

Coupling these processes over a diel cycle should result in net precipitation of
CaCO3 (Visscher et al., 1998). During the day, when photosynthetic processes are active,
there is no significant net gain or loss of CaCO3. During the night, photosynthesis is not
occurring, causing a decrease of available O2, therefore slowing the metabolism of
aerobic bacteria, but leaving the sulfate-reducing bacterial activity unaffected, resulting in
net precipitation during the night (Dupraz et al., 2004). The presence and abundance of
organic matter for heterotrophic decomposition is essential for carbonate production
(Hillgartner et al., 2001).
Visscher et al. (2000) linked sulfate reduction to CaCO3 precipitation in marine
stromatolites by mapping sulfate reduction in two dimensions using 35SO42- coated Ag
foil. Areas with high rates of sulfate reduction corresponded to micritic layers in thin
section. The highest rates of sulfate reduction and corresponding micritic layers were at
the top of the microbial mat (Visscher et al., 2000). Dupraz et al. (2004) studied
carbonate precipitation in microbialites in a hypersaline lake on Eleuthera, Bahamas.
Using a combination of SEM imaging, thin sections and X-ray diffraction, Dupraz et al.
(2004) concluded that no precipitates were associated with sheaths of cyanobacteria and
an insignificant amount of precipitate was associated with filamentous cyanobacteria.
Areas of high rates of sulfate reduction corresponded to areas of carbonate precipitates.
Although metabolic processes occurring within microbial mats and biofilms have
been linked to carbonate precipitation (Riding 2000; Dupraz et al., 2004; Visscher et al.,
2000), the mechanisms controlling the microbe-mineral interactions are not well
understood (Dupraz et al., 2004). To further understand the relationship between
6

microbial metabolic processes and carbonate precipitation the research proposed herein
will describe the biogeochemical characteristics of two carbonate environments: biofilm
from a modern coral reef (Fowl Cay, Abaco, Bahamas) and microbial mat in a
hypersaline pond (Salt Pond, San Salvador, Bahamas).
Significance
Until the mid 1980s the role, and even the presence, of organic matter in
carbonate rocks was largely ignored. The contents of this document contribute to an ever
growing body of literature that clearly shows that the organic matter present and the
biological processes that occur in sedimentary depositional environments play a key role
in determining the chemistry of the environment. Furthermore, the very high levels of
TOC and visible dominance of organic matter described here, shed light on one of the
oldest questions facing the petroleum industry regarding the source of petroleum in many
unconventional plays. For years people have wondered how oil got into “tight rocks”
such as tidal flat deposits that were rich in oil, yet fairly impervious and often surrounded
by less permeable rocks (Law and Spencer 1993). Nearby shales were often tagged as
“source rocks,” but it often became difficult to explain how the oil migrated from the
impervious shale into the poorly permeable reservoir. Microbes have long been known to
be the source for many petroleum reservoirs (Bass and Lapin-Scott, 1997). In so far as
the focus of this study involves environmental analogues for “tight reservoirs” this
research supports the idea of self-sourcing petroleum reservoirs, in which the “tight
rocks” are both the source of the petroleum, as well as the reservoir. The petroleum
industry is also using biofilms to alter the permeability of reservoir rocks in order to
enhance secondary oil recovery efforts (Bass and Lapin-Scott, 1997).
7

CHAPTER II
METHODOLOGY
Study Sites and Sample Collection
Microbial Mats
Microbial mat samples used in the study were collected from Salt Pond, San
Salvador, Bahamas (Figure 1). San Salvador is the easternmost island on the Bahamian
Archipelago, southeast of Cat Island. Salt Pond is a small (approximately 0.05km2),
hypersaline inland pond located on the eastern coast of the island. The coordinates of
Salt Pond are 24°01’21.6” N/74°27’03.0” W. The water supply for Salt Pond is derived
primarily from precipitation and storm overwash (Park et al., 2008). The pond is
separated from the Atlantic Ocean by a dune ridge and a road, which follows the eastern
shoreline of the island. The study area was chosen because of the documented presence
of microbial mats, extensive research in the area, and the logistical benefits available at
the Gerace Research Center.

8

Figure 1

Location of Salt Pond on San Salvador, Bahamas (Park et al., 2008)

Five push cores of microbial mat and underlying sediment were collected along a
roughly east-west existing transect on the eastern side of Salt Pond (Figure 2). The
intervals at which samples were collected were chosen with the intent of documenting the
transition from sub-aerially exposed to fully submerged microbial mat. The samples also
covered a range of salinity from approximately 60 psu to 100 psu.
During June 2008, samples were collected from Salt Pond. Care was taken to
avoid disturbing the microbial mats. Samples were obtained by pushing a 9.5 cm
diameter core liner into the sediment, then capping and taping both ends after retrieval.
9

The depth to which samples were collected ranged from approximately 10 to 15 cm into
the sediment, depending upon the ease of pushing the core liner through the substrate.
Only the upper 5 cm of the sample was analyzed, so it was only important to collect and
maintain the integrity of that portion of microbial mat. Salinity of the pore water of each
sample was measured immediately after collection using a portable refractometer (model,
ATC FG-212). The refractometer was calibrated based upon the instructions
accompanying the instrument. Visual observations of sediment surface, location and
water cover were also recorded for each collection point along the transect. Samples
were transported to the Gerace Research Center for analysis immediately after sample
collection was completed.

Figure 2

Transect in Salt Pond where microbial mat samples were collected

Note:

Yellow indicated sub-aerially exposed microbial mat. Blue indicates
microbial mat with water cover. Red indicates core number.

10

Reef Biofilm
Reef biofilm used in this study was collected by SCUBA divers from Fowl Cay
Reef, Abaco, Bahamas (Figure 3). Abaco is an island group in the northeastern Bahamas,
comprised of two major islands, Great Abaco and Little Abaco and a chain of numerous
small cays. The string of cays is located approximately two to six miles east of the major
islands, separated by a shallow lagoon, the Sea of Abaco. A barrier reef system is east of
the island chain. Abaco is the only area of the Bahamas with extensive reef development
seaward of the submarine ridge and line of cays eastward of many major islands (Storr,
1964).
Fowl Cay Reef is immediately east of the Fowl Cays, and is part of the larger
barrier reef system. Fowl Cay Reef is approximately four miles northeast of Marsh
Harbour, Abaco’s largest city. The area of the reef where samples were collected, locally
known as “Grouper Alley,” is at the eastern edge of the reef. Grouper Alley is located at
26° 38’ 14” N/ 77° 02’ 18” W. Biofilm samples were collected by SCUBA divers during
the June 2008. The platform of the reef is approximately 10 m deep. Reef structures
grow from the platform to the water surface. The platform drops off nearly vertically to a
sandy bottom approximately 21 m deep. Biofilm samples were collected at various water
depths ranging from approximately 4 m to 20 m. SCUBA divers removed seven biofilm
samples from the reef using small razor blades and pick hammers. Individual samples
were stored in 125 mL plastic Nalgene containers in seawater for the remainder of the
dive. Upon surfacing, samples were immediately returned to the field station in Hope
Town for analysis and preservation.
11

Figure 3

Landsat image showing Fowl Cay study area, Hope Town and Marsh
Harbour

Field Analyses
Microelectrode profiling was conducted on all microbial mat and biofilm samples
as soon as possible after returning to the respective field stations using the Unisense
microelectrode profiling system (Aarhus, Denmark). All microelectrodes were calibrated
on the day of sample collection following the methods described by Unisense. O2 and
H2S microgradients were measured. The O2 electrodes (OX 100) and H2S electrodes
(H2S 100) have 90-110 µm tips. Vertical profiles of O2 and H2S concentrations were
created for each microbial mat sample. The electrodes enabled chemical microgradients
to be measured immediately after returning to the lab and are non-destructive so that the
12

same samples could continue to be used in further analysis. A micromanipulator was
used to obtain concentration readings at 0.05 cm intervals for the upper 5.00 cm of the
mat samples. O2 and H2S concentrations were also obtained for reef biofilm samples.
Insufficient data were obtained for a vertical profile to be established because some
samples were extremely thin or could not be penetrated by the microelectrode tips. At
least ten reading of O2 and H2S concentrations were taken for each sample.
After microelectrode profiling was completed, visual observations of changes in
color and texture were documented for each sample. The upper 5 cm of the microbial
mat samples were sliced laterally into 3 or 4 sections based upon visually apparent
layering, and then those slices were subdivided and stored for further analysis; the
remainder of the sample was discarded. Reef samples were also subdivided and
preserved for further analysis at Mississippi State University. A subsample of each mat
and biofilm sample was stored/preserved using three different methods: 1) frozen, moist
at -80°C, 2) refrigerated moist, and 3) preserved in a 1.5% v/v glutaraldehyde/sample
location water (sea or pond) mix and refrigerated. Subsamples were stored in
refrigerators or freezers at the field stations until being transported back to Mississippi
State in an ice chest with blue ice.

Laboratory Analyses
Microbial Mat
Multiple forms of biogeochemical analysis were performed on the microbial mat
samples at the Mississippi State Laboratories. Biolog, a type of carbon substrate
13

utilization profiling (CSUP) and fatty acid methyl ester (FAME) were done at the
Department of Geosciences Biogeochemistry Lab. Samples for Carbon Nitrogen (CN)
were prepared at the Biogeochemistry Lab; prepared samples were run in the Soils and
Hydrology Laboratory in the Forestry Department. Samples were also observed with
environmental scanning electron microscopy (ESEM) and field emission scanning
electron microscopy (FESEM) at MSU’s Electron Microscopy Center.
Biolog was done using Biolog’s Ecoplate, following the methodology first
described by Garland and Mills (1991). Biolog is a method of community- level
microbial characterization that creates a metabolic “fingerprint,” based upon the use of
different carbon sources by a microbial community (Garland and Mills, 1991). The
Ecoplate was designed for microbial ecological studies of aerobic heterotrophs. It
contains triplicates of 31 different carbon sources commonly used in soil analysis, plus a
blank. A purple color develops in a well if the well’s specific carbon source is being
utilized by the microorganisms that are present in the sample that is being studied
(Biolog, 2009). A limitation of Biolog is that the results only reflect the communities
that thrive on the specific carbon substrate provided. Subsamples of each layer from each
core were analyzed individually. Subsamples of microbial mat that had been stored at 80°C were thawed for Biolog analysis. Previous testing found that subsamples preserved
at -80°C resulted in higher intensity readings than subsamples that had been stored in a
refrigerator. Autoclaved pond water was used to dilute 5.00 g of moist sample 1000-fold.
Next, 150 µL of the diluted sample was injected into each well of the Ecoplate using a
multipipetter. The work was done under the laminar flow hood equipped with a UV
lamp, which was used to sterilize pipettes and other laboratory equipment that is too
14

sensitive for autoclaving. All water used for dilutions was sterilized at 135°C for 30
minutes using an autoclave. Following inoculation of the diluted sample, the Ecoplates
were incubated at 29°C for 120 hours. Color intensity readings of all samples were taken
every 24 hours using the Microskan MCC plate reader.
FAME analysis, another form of microbial community characterization, was
performed on frozen microbial mat subsamples according to the ester linked (EL) method
developed by R. Drijber. The EL extraction method has been described by Schutter and
Dick (2000) and Ritchie et al. (2000). First, 3 g of air-dried sample and 15 mL of 0.2 M
KOH in methanol were combined in a centrifuge tube. The centrifuge tubes were
incubated at 37°C for one hour. During the incubation period, the tubes were vortexed
every ten minutes for ten seconds. Next, 3 mL of 1.0 M acetic acid was added to each
tube to neutralize the pH. Next, 10 mL of hexane was added and the tubes were
centrifuged to separate the FAMEs into an organic phase. The final steps of the FAME
extraction method involved evaporating the hexane under a flow of N2; the remaining
contents were dissolved in a 0.5 mL of 1:1 hexane: methyl-tert butyl ether. The extracted
FAMEs were transferred to a GC vial for analysis via gas chromatography and mass
spectrometry (Perkin Elmer, model Clarus 600). A cross-linked 5% phenyl methyl
silicone Perkin Elmer Co-Elite 225 column (30 m x 0.32 mm) was used. The procedure
had a total run time of 29.85 minutes at stages of 80°C for 1 minute, then increasing 10°C
per minute until reaching 180°C, then increasing 4.5°C per minute to 220°C with a final
hold time of 10 minutes. Helium flow rates were 1.0 mL per minute and the split ratio
was 0:1. Library matches of detected FAME compounds (>75%) were made using the
Perkin Elmer NIST software library.
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Duplicate mat samples were baked in an oven, ground into fine powder, sieved
(63µm) and analyzed for Total Nitrogen, Total Carbon (TC) and Total Organic Carbon
(TOC) following the methods of Leoppert and Suarez (1996) using a Finnegan CNS
analyzer (Beverly, MA). TC and TOC analyses were accomplished by analyzing the
bulk sample for TC and then adding 1 N HCl to remove the inorganic carbon before
analysis of TOC.
Environmental scanning electron microscopy (ESEM) and field emission
scanning electron microscopy (FESEM) were used to create high-magnification images
of sample surfaces. Images allowed for identification of some biota and observation of
relationships between organics and precipitates in the microbial mat samples. ESEM
(model ZEISS-EVO 40 XVP, Thornwood, NY) is capable of magnifications up to
1,000,000 x (Zeiss, 2009). Moist, gluteraldehyde preserved samples were imaged with
the ESEM at varying magnifications up to 17,000 x. FESEM (model JEOL JSM- 6500F,
Tokyo, Japan) is capable magnification up to 500,000 x (JEOL, 2003). In order to use
FESEM, samples must be dehydrated, mounted on a stub and coated. Glutaraldehyde
(~2%) preserved microbial mat samples were prepared following the methods outlined in
Fratesi (2002). First, samples were rinsed twice with hypersaline water. Next, samples
were chemically dehydrated using increasing concentrations of ethanol. Each sample
was subjected to 35%, 50%, 75% and 95% for ten minutes each, followed by six rounds
of 100% ethanol for ten minutes. The last dehydration step involved ten minutes in 50%
and 100% hexamethyldisilizane (HDMS). Samples were left to air dry overnight.
Samples were mounted on aluminum stubs using a conductive, cohesive medium, and
then coated with Au/Pd for 60 seconds using a sputter coater, yielding a 15 nm coating.
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Prepared samples were observed at a wide range of magnifications on both the FESEM
and ESEM.

Reef Biofilm
Reef biofilm was studied using FESEM and microelectrode profiling. Due to the
amount and nature of the sample required for the other analyses performed on the
microbial mat samples, only microscopy was feasible with biofilm samples. The
methods used in preparing reef biofilm for FESEM were identical to those used for the
microbial mat samples, except that the original rinse was done with normal salinity
seawater (~35 psu). Digital images of the biofilm were used to observe biota and any
organic/precipitate spatial relationships. Calibration of microelectrodes was done with
local seawater following the standards set forth by Unisense.

Statistical Analysis
Statistical analysis was performed on raw data obtained from O2 and H2S
microelectrode profiles, Biolog and FAME to determine if differences exist between
cores and between layers within cores. Data were not normally distributed according to
the Kolmogorov-Smirnov test ( < 0.05), nor was the data homogeneous according to
Levene’s Test for Homogeneity. Data transformations were performed in an attempt to
satisfy the assumption of normality necessary for one-way ANOVA. Data
transformations did not resolve the violation. As a result, a nonparametric analog to
ANOVA, the Kruskal –Wallis test, was conducted on raw data to compare medians of
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cores and layers. The null hypothesis of the Kruskal-Wallis test is that all samples were
taken from populations with the same median. The Kruskall-Wallis test is a ranking test
that is able to determine if a significant difference exists between multiple samples, but it
is unable to specify which samples within the group are significantly different. It is for
this reason a nonparametric equivalent to the independent samples t-test, the MannWhitney test, was also used. The Mann-Whitney test is only able to compare two groups,
and can therefore specify which samples are statistically different. The null hypothesis of
the Mann-Whitney test is that two groups come from the same distribution.
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CHAPTER III
RESULTS
Visual Observations
Microbial Mat
Five samples of microbial mat were collected along an existing transect. The
salinity of the porewater taken from samples ranged from 61 psu to 100 psu. Cores 1 and
2 were exposed to air on the surface. Cores 4 and 5 were under 7-30 cm of water. Core 3
was sampled from the transition zone between sub-aerially exposed mat and sub-aqueous
mat. All five microbial mat cores exhibited distinct horizontal layering. Layers ranged in
thickness from less than 0.1 cm to greater than 1 cm. Distinct changes in color and
texture were obvious between layers (Figure 4). Cores 1-3, which were not covered in
water, had more defined stratification than Core 4 and 5, which were submerged on the
day of sample collection. Cores 1 and 2 had thin, crusty top layers. Core 3 had a
gelatinous upper layer. The upper layer of Cores 4 and 5 were both dark colored and had
a muddy consistency. Cores 4 and 5 also had a strong sulfide smell.
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Figure 4

Microbial mat core 2 sliced in half to show stratification

Reef Biofilm
Six samples of reef biofilm were collected from varying water depths between 4
m to 20 m (Figure 5). Reef 2 and 6 were collected from forms of brain coral.

Figure 5

Reef Sample 2 in a 125 ml plastic Nalgene container
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Microelectrode Profiling
Microbial Mat
Microelectrode profiles of O2 and H2S concentrations provide information on the
chemical microgradients that occur within microbial mats. Graphs show fluctuations in
O2 and H2S concentrations through a vertical profile of each core, as well as the
minimum and maximum concentrations, depth of O2 penetration and depth at which H2S
first occurred (Table 2, Figures 6-10). Readings were taken at 500 µm increments from
the surface of the microbial mat to the greatest depth that the electrode could safely
penetrate the sediment. O2 and H2S concentrations were also measured in the overlying
water column where overlying water was present. In general, the microbial mats
exhibited an oxic upper portion, with a H2S-rich portion below. Microelectrode data is
below (Table 2).
Table 2

Microelectrode profile data showing depth of maximum O2
penetration, depth at which H2S first occurs and maximum
concentrations for O2 and H2S for all Salt Pond cores.
Core

Depth of O2
Penetration
(cm)

Depth of First H2S
Occurrence
(cm)

Max. O2
Concentration
(µM)

Max. H2S
Concentration
(µM)

1
2
3
4
5

2.30
0.95
2.95
1.10
1.75

2.10
0.60
0.35
0.00
0.00

154.44
132.62
152.68
6.44
51.89

3430.68
1543.68
7954.13
3142.20
1537.63

O2 penetration depth is greatest in Core 3, however concentrations are very low,
less than 10 µM, at depths below 1.95 cm. Cores 4 and 5 also have low concentrations
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for the entire depth that O2 is present. Core 4 never exceeds an O2 concentration of 6.5
µM; Core 5 has O2 concentrations of 10 µM or less below 0.15 cm. In Core 1, O2
concentrations are more substantial (> 20 µM), at the lower limits of O2 penetration. O2
concentrations in Core 2 are greater than 100 µM above 0.40 cm, but then drop off
substantially to less than 15 µM at depths below 0.40 cm. The depth at which H2S first
appeared in the cores decreased along the sampling transect from Core 1 to Core 5.
Cores 4 and 5, which were submerged under 7 -30 cm of water, had H2S present at the
sediment water interface. Maximum O2 concentrations were similar in Cores 1, 2 and 3,
which were un-submerged samples. The submerged samples, Cores 4 and 5, had
significantly lower O2 concentrations than the un-submerged cores. Core 3 had a
drastically higher maximum H2S concentration than the other cores.
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Figure 6

Core 1 microelectrode profile

The highest O2 concentration in Core 1, 154.44 µM, occurred at the surface of the
microbial mat. There were, however, two layers in the upper oxic zone in which O2
concentrations were very low (Figure 6). The zone between 0.20 – 0.30 cm had an O2
concentration of 0.00 µM; the zone between 1.00-1.20 cm had O2 concentrations less
than 25.00 µM. The highest H2S concentration, 3430.68 µM, occurred at 2.95 cm. The
H2S profile between 2.50- 3.00 cm represents an area of thinly bedded microbial mat
layers, in which each layer had varying H2S concentrations. O2 and H2S coexisted in a
narrow zone approximately 0.15 cm thick.
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Figure 7

Core 2 microelectrode profile

Core 2 had a crusty layer at approximately 3.00 cm that could have potentially
broken the glass microelectrode tips. Data for Core 2 therefore only exists between 02.95 cm (Figure 7). The highest O2 concentration in Core 2 occurred at 0.30 cm. Below
0.30 cm, O2 concentrations were between 0-15 µM. H2S and O2 were present at the same
depths for approximately 0.35 cm, however, the O2 concentrations were very low in the
overlapping zone. The highest H2S concentration occurred at 2.95 cm, which is the
deepest data point available.
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Figure 8

Core 3 microelectrode profile

Microelectrodes obtained readings in Core 3 to a depth of 3.95 µm (Figure 8).
The zone between 0- 0.25 µm had an O2 concentration of 152 µM, which was the highest
for Core 3. The O2 concentration dropped substantially between 0.30 - 1.05 µm to less
than 10 µM, but increased again between 1.15 - 1.95 µm to O2 concentrations greater
than 30 µM. Significant H2S concentrations, between 5300-7100 µM, were also present
in the zone between 1.15 - 1.95 cm. The maximum H2S concentration occurred at 2.35
cm.
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Figure 9

Core 4 microelectrode profile

Core 4 was submerged under approximately 7 cm of water. O2 and H2S
concentrations were obtained for the water 0.50 cm directly above the microbial mat. O2
concentrations were very low (< 3 µM) for the overlying water. H2S concentrations in
the overlying water were between 8.65 - 11.78 µM. Data were obtained to a depth of
3.45 cm in the mat (Figure 9). O2 was only present in the zone between 0 – 1.10 cm. O2
concentrations were less than 6.5 µM. The maximum O2 concentration was at a depth of
0.40 cm. H2S was present at the surface of the microbial mat, so O2 and H2S were both
present between 0 -1.10 µm, however O2 concentrations were very low. H2S was present
in concentrations greater than 1400 µM from 0.50 - 1.45 cm, but decreased to less than
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200 µM between 1.50 - 1.90 cm. H2S concentrations increased to concentrations greater
than 1000 µM from 2.05 cm to the end of the collected data. The maximum H2S
concentration occurred at 3.30 cm.

Figure 10

Core 5 microelectrode profile

Core 5 was submerged under approximately 30 cm of water. O2 and H2S
concentrations were obtained for the water column 0.50 cm directly above the sediment.
O2 concentrations in the water overlying Core 5 ranged from 47.91 – 51.89 µM; H2S
concentrations were between 2.81 - 6.30 µM. Microelectrode data for Core 5 was
obtained to a depth of 3.45 cm into the sediment (Figure 10). The highest O2
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concentrations were at the top of the microbial mat between 0 – 0.15 cm. O2
concentrations decreased to less than 11 µM below 0.20 cm. O2 was not present below
depths of 1.75 cm. H2S was present at the surface of Core 5. O2 and H2S were both
present in the zone between 0 - 1.75 cm although O2 concentrations were very low for the
majority of the overlapping thickness. H2S concentrations generally increased from 100 1500 µM throughout the profile of Core 5. The maximum H2S concentration occurred at
3.45 cm, which was the deepest data point.

Reef Biofilm
Concentrations of O2 and H2S were obtained for reef samples, but vertical
profile was not possible due to the nature of the reef samples. Some samples could not be
penetrated by the microelectrode and others were in suspension and were simply pushed
down by the microelectrode tip. Multiple readings of O2 and H2S were taken and
averaged. Table 3 provides average O2 and H2S concentrations for each sample as well
as descriptive statistics including number of readings taken (N) and standard deviation.
Table 3
Sample
1
2
4
5
6
8

Average O2 and H2S concentration for reef biofilm samples
O2 Avg.
Concentration
(µM)
217.29
2.45
93.09
24.35
0.00
234.05

H2S Avg.
Concentration
(µM)
30.33
32.69
32.59
29.63
48.29
30.45

(N) O2

O2 Standard
Deviation

(N)
H 2S

33
21
15
15
39
12

37.49
6.99
25.76
11.18
0.49
2.79

33
18
15
15
27
12

Note: (N) represents number of concentration readings obtained
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H 2S
Standard
Deviation
1.45
0.92
2.87
0.21
2.41
4.98

O2 concentrations in the reef biofilm samples vary drastically (Table 3). O2
concentrations range from 234.05 µM – 0.00 µM. H2S concentrations had a much
smaller range between samples. Reef 6 had the highest H2S concentration, 48.29 µM;
Reef 5 had the lowest H2S concentration, 29.63 µM. Standard deviation was much larger
in most of the O2 average concentrations than H2S average concentrations.

Carbon Nitrogen Analysis
Microbial Mat
Total Nitrogen, TC and TOC content were determined for individual layers of
each Salt Pond core (Table 4).
Table 4

Descriptive statistics for CN data. Sample size (N), standard
deviation (St Dev), and standard error (St Error)
Sample

N

St Dev
(Nitrogen)

St Error
(Nitrogen)

St Dev
(TC)

St Error
(TC)

St Dev
(TOC)

A
B
C
A
B
C
A
B
C
D
A
B
C
A
B
C

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

0.019
0.007
0.010
0.017
0.082
0.011
0.021
0.014
0.036
0.016
0.035
0.015
0.015
0.018
0.015
0.020

0.011
0.004
0.006
0.010
0.047
0.006
0.012
0.008
0.021
0.010
0.020
0.009
0.008
0.010
0.009
0.011

0.460
1.418
0.384
0.344
0.622
0.396
0.429
0.451
0.232
0.404
0.428
0.408
0.399
0.319
0.067
0.271

0.266
0.819
0.222
0.198
0.359
0.229
0.248
0.261
0.134
0.233
0.247
0.236
0.230
0.184
0.038
0.156

0.132
0.250
0.344
0.257
0.456
0.198
0.414
0.459
0.526
0.256
0.280
0.648
0.297
0.297
0.227
0.232

1

2

3

4

5
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St
Error
(TOC)
0.076
0.145
0.198
0.149
0.263
0.114
0.239
0.265
0.304
0.148
0.161
0.374
0.172
0.172
0.131
0.134

Table 5

% Total N, % TC and % TOC by weight for layers of microbial mat
cores

Sample

1

2

3

4

5

A
B
C
Core
A
B
C
Core
A
B
C
D
Core
A
B
C
Core
A
B
C
Core

% Total
Nitrogen
by Weight

% Total
Carbon by
Weight

0.117
0.064
0.142
0.107
0.340
0.420
0.205
0.332
0.792
0.458
0.519
0.113
0.470
0.583
0.302
0.212
0.366
0.527
0.206
0.281
0.338

12.184
12.795
12.549
12.509
12.180
13.077
12.386
12.548
13.040
12.238
12.548
11.998
12.425
11.812
11.812
11.760
11.795
7.253
3.979
7.073
6.102

% Total
Organic
Carbon by
Weight
9.615
9.015
9.817
9.483
9.869
10.193
9.311
9.791
10.323
9.209
9.593
9.193
9.580
9.473
9.407
8.908
9.263
4.976
1.732
5.231
3.979

C:N
Ratio

117:1

38:1

26:1

32:1

18:1

Nitrogen percentages (Table 5) ranged from 0.064% (1B) to 0.792% (3A), percent
total carbon ranged from 13.077% (2B) to 3.979% (5B) and percent total organic carbon
ranges from 10.323% (3A) to 1.732% (5B). Core 1 has the smallest percentage of
Nitrogen; Core 3 has the highest percentage. Total percentages of TC and TOC do not
vary much between Cores 1-4. Core 5, in contrast contains much lower amounts of TC
and TOC. C:N ratios range from 117:1 (Core 1) to 18:1 (Core 5).
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Statistical Analysis
Statistical analysis was performed on raw data from microbial mat obtained from
O2 and H2S microelectrode profiles, Biolog and FAME. The Kruskall-Wallis and MannWhitney tests were used to determine if significant differences exist between cores and
layers within cores. The null hypothesis for the Kruskall-Wallis test is that all samples
are taken from populations with the same median. The null hypothesis for the MannWhitney test is that two groups come from the same distribution.

Microelectrode Profiling
An average of the triplicate data collected from O2 and H2S
microelectrode profiles was used in the Kruskal-Wallis and Mann-Whitney tests.
Microelectrode data was used to determine whether porewater concentrations of O2 and
H2S varied between cores and between layers within individual cores. Layers (e.g., A D) correspond to the field subdivisions that were made based upon visual observations of
sediment change. Microelectrode data do not exist for some bottom layers because the
fragile microelectrode tips were unable to penetrate firm lower layers. Tables 6 and 9
include descriptive statistics for O2 and H2S microelectrode data. Results of the KruskalWallis and Mann-Whitney tests for O2 and H2S are also below (Tables 7,8,10,11).
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Table 6

Descriptive statistics for O2 microelectrode profile data for Salt Pond
(N=sample size)
Core
1

2

3

4

5

Layer
A
B
C
Total Core
A
B
C
Total Core
A
B
C
D
Total Core
A
B
C
Total Core
A
B
C
Total Core
Total

Depth (cm)
0.00 – 1.35
1.40 – 2.85
2.90 – 3.95
0.00 – 3.95
0.00 – 2.85
2.00 – 2.95

N
28
30
22
80
40
20

0.00 – 2.95
0.00 – 0.25
0.30 – 2.60
2.65 – 3.95

60
6
47
27

0.00 – 3.95
0.00 – 0.95
1.00 – 3.00
3.05 – 3.45
0.00 – 3.45
0.00 – 0.85
0.90 – 3.45

80
20
41
9
70
18
52

0.00 – 3.45

70
360
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Mean (µM)
81.730
78.545
0.000
58.060
26.548
0.000
No Data
17.699
152.392
21.084
0.265
No Data
23.906
4.051
0.0352
0.000
1.178
15.151
1.498
No Data
5.009
22.367

Standard Deviation
59.931
67.011
0.000
64.596
48.589
0.000
41.471
0.202
24.251
0.561
42.334
1.742
0.137
0.000
2.049
18.490
2.614
11.199
45.327

Table 7

Kruskal-Wallis and Mann-Whitney test results for O2 concentrations
between Salt Pond cores
Core (Mean
Rank)
1 (222.29)

2 (151.57)

3 (204.98)

4 (141.26)

5 (168.81)

Core (Mean
Rank)
2* (151.47)
3 (204.98)
4* (141.26)
5* (168.81)
1* (222.29)
3* (204.98)
4 (141.26)
5 (168.81)
1 (222.29)
2* (151.47)
4* (141.26)
5* (168.81)
1* (222.29)
2 (151.47)
3* (204.98)
5* (168.81)
1* (222.29)
2 (151.47)
3* (204.98)
4* (141.26)

Difference of
Mean Ranks
70.82
17.31
81.03
53.48
70.82
53.41
10.31
17.24
17.31
53.41
63.72
36.17
81.03
10.31
63.72
27.55
53.48
17.34
36.17
27.55

Mann-Whitney
Significance
0.000
0.079
0.000
0.000
0.000
0.001
0.859
0.249
0.079
0.001
0.000
0.011
0.000
0.859
0.000
0.018
0.000
0.249
0.011
0.018

Chi-Square

38.772

Note: * indicates significant difference (ρ < 0.05) according to the Mann-Whitney Test
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Table 8

Kruskal-Wallis and Mann-Whitney test results for O2 concentrations
between Salt Pond core layers
Core

Layer
(Mean
Rank)
A (51.77)

1

B (46.12)
C (18.50)

2

A (34.50)
B (22.50)
A (77.50)

3

B (47.32)
C (20.41)
A (60.50)

4

B (25.94)
C (23.50)

5

A (52.39)
B (29.65)

Layer
(Mean Rank)

Difference of
Mean Rank

Mann-Whitney
Significance

B (46.12)
C* (18.50)
A (51.77)
C (18.50)
A* (51.77)
B (46.12)
B* (22.50)
A* (34.50)
B (47.32)
C*(20.41)
A (77.50)
C (20.41)
A*(77.50)
B (47.32)
B (25.94)
C (23.50)
A (60.50)
C (23.50)
A (60.50)
B (25.94)
B*(29.65)
A*(52.39)

5.65
33.27
5.65
27.62
33.27
27.62
12.00
12.00
30.18
57.09
30.18
26.91
57.09
26.91
34.56
37.00
34.56
2.44
37.00
2.44
22.74
22.72

0.526
0.000
0.526
0.000
0.000
0.000
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.334
0.000
0.334
0.000
0.000

ChiSquare

30.865

10.393

41.638

59.137

19.577

Note: * indicates significant difference (ρ < 0.05) according to the Mann-Whitney Test

Table 7 indicates that Cores 1 and 3 are significantly different from all other cores
except for each other according to the Mann-Whitney test. Cores 4 and 5 are statistically
different from all cores but Core2. Core 2 is statistically different from Cores 1 and 3.
Table 8 indicates that in Cores 1 and 3, layers A and C have statistically different O2
concentrations, whereas as B, the middle layer, is not statistically different than the layers
above and below with respect to O2 concentration. In Cores 2 and 5, which both only
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have data for layers A and B, the layers are statistically different. There is no statistical
difference between the O2 concentrations in the layers in Core 4.
Table 9

Descriptive statistics for H2S microelectrode profile data for Salt Pond
(N=sample size)
Core
1

2

3

4

5

Layer
A
B
C
Total Core
A
B
C
Total Core
A
B
C
D
Total Core
A
B
C
Total Core
A
B
C
Total
Total

Depth (cm)
0.00 – 1.35
1.40 – 2.85
2.90 – 3.95
0.00 – 3.95
0.00 – 2.85
2.00 – 2.95

N
28
30
22
80
40
20

0.00 – 2.95
0.00 – 0.25
0.30 – 2.60
2.65 – 3.95

60
6
47
27

0.00 – 3.95
0.00 – 0.95
1.00 – 3.00
3.05 – 3.45
0.00 – 3.45
0.00 – 0.85
0.90 – 3.45

80
20
41
9
70
18
52

0.00 – 3.45

70
360
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Mean (µM)
0.000
349.559
761.017
340.364
612.609
1069.611
No Data
764.940
0.000
21.084
5775.699
No Data
4884.100
839.750
1727.898
3022.422
1640.579
413.341
1272.522
No Data
1051.590
1811.960

Standard Deviation
0.00
588.763
625.598
567.145
547.635
333.259
530.290
0.000
24.251
895.901
2452.550
644.287
1041.654
90.2697
1088.002
235.443
224.080
440.255
2143.093

Table 10

Kruskal-Wallis and Mann-Whitney test results for H2S concentrations
between Salt Pond cores
Core (Mean
Rank)
1 (79.79)

2 (138.80)

3 (284.47)

4 (213.79)

5 (183.26)

Core
(Mean Rank)
2* (138.80)
3* (284.47)
4* (213.79)
5* (183.26)
1* (79.79)
3* (284.47)
4* (213.79)
5* (183.26)
1* (79.79)
2* (138.80)
4* (213.79)
5* (183.26)
1* (79.79)
2* (138.80)
3* (284.47)
5* (183.26)
1* (79.79)
2* (138.80)
3* (284.47)
4* (213.79)

Difference of
Mean Ranks
59.01
204.68
134.00
99.44
59.01
145.67
74.99
40.43
204.68
145.67
70.68
105.24
134.00
74.99
70.68
34.56
99.44
40.43
105.24
34.56

Mann-Whitney
Significance
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.000

Chi-Square

172.539

Note: * indicates significant difference (ρ < 0.05) according to the Mann-Whitney Test
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Table 11

Kruskal-Wallis and Mann-Whitney test results for H2S concentrations
between Salt Pond core layers
Core

Layer (Mean
Rank)
A (23.00)

1

B (41.30)
C (61.68)

2

A (25.65)
B (40.20)
A (4.00)

3

B (43.68)
C (43.07)
A (19.30)

4

B (43.68)
C (43.07)

5

A (9.50)
C (43.07)

Layer (Mean
Rank)
B* (41.30)
C* (61.68)
A* (23.00)
C* (61.68)
A* (23.00)
B* (41.30)
B* (40.20)
A* (25.65)
B* (43.68)
C* (43.07)
A* (4.00)
C* (43.07)
A* (4.00)
B* (43.68)
B* (37.12)
C* (43.07)
A* (19.30)
C* (43.07)
A* (19.30)
B* (37.12)
B* (44.50)
A* (19.30)

Difference of
Mean Rank
18.30
38.68
18.30
20.38
38.68
20.38
14.55
14.55
39.68
39.07
39.68
0.61
39.07
0.61
17.82
44.81
17.82
26.99
44.81
26.99
35.00
44.81

Mann-Whitney
Significance
0.000
0.000
0.000
0.003
0.000
0.003
0.002
0.002
0.000
0.000
0.000
0.897
0.000
0.897
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

ChiSquare

41.595

9.329

16.025

30.722

39.549

Note: * indicates significant difference (ρ < 0.05) according to the Mann-Whitney Test

Table 10 indicates that all cores are statistically different from each other with
respect to H2S concentration, according to the Mann-Whitney test. Table 11 indicates
that all layers with each core are statistically different from each other with respect to
H2S concentrations.

Biolog Data
The Kruskal-Wallis and Mann-Whitney tests were performed on Biolog data
obtained after the 96-hour incubation period, since this period consistently had the
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greatest color development. Triplicate data were averaged and the blank was subtracted
from all absorbance numbers. Biolog results provide a community-level microbial
composition profile for aerobic microorganisms. Tables 12-14 include descriptive
statistics for Biolog analysis and results of the Kruskal-Wallis and Mann-Whitney tests
for Biolog core to core analysis and layers within cores analysis, respectively. No data
exist for Core 3, Layer A because there was not enough sampled mat available for
analysis.
Table 12

Descriptive statistics for biolog data from Salt Pond
Core

1

2

3

4

5

Layer
A
B
C
Total Core
A
B
C
Total Core
A
B
C
D
Total Core
A
B
C
Total Core
A
B
C
Total Core
Total

Mean
(Absorbance)
0.273
0.214
0.270
0.252
0.134
0.487
0.477
0.366
No Data
0.080
0.274
0.050
0.134
0.099
0.010
0.053
0.054
0.045
0.035
0.339
0.140
0.189

N
31
31
31
93
31
31
31
93
31
31
31
93
31
31
31
93
31
31
31
93
465
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Standard
Deviation
0.490
0.399
0.539
0.475
0.224
0.641
0.614
0.548
0.134
0.456
0.107
0.296
0.179
0.019
0.155
0.141
0.044
0.069
0.491
0.319
0.397

Table 13

Kruskal-Wallis and Mann-Whitney test results for biolog data
between Salt Pond cores
Core

1 (241.39)

2 (281.34)

3 (245.73)

4 (185.82)

5 (248.22)

Core
(Mean
Rank)
2 (281.34)
3 (245.73)
4* (185.82)
5 (248.22)
1 (241.39)
3* (245.73)
4* (185.82)
5* (248.22)
1 (241.39)
2* (281.34)
4* (185.82)
5 (248.22)
1* (241.39)
2* (281.34)
3* (245.73)
5* (248.22)
1 (241.39)
2* (281.34)
3 (245.73)
4* (185.82)

Difference of
Mean Ranks

Mann-Whitney
Significance

ChiSquare

39.95
4.34
55.57
6.83
39.95
35.61
95.52
33.12
4.34
35.61
59.91
2.49
55.57
95.52
59.91
62.40
6.83
33.12
2.49
62.40

0.069
0.795
0.007
0.745
0.069
0.041
0.000
0.042
0.795
0.041
0.001
0.822
0.007
0.000
0.001
0.000
0.745
0.042
0.822
0.000

24.640

Note: * indicates significant difference (ρ < 0.05) according to the Mann-Whitney Test
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Table 14

Kruskal-Wallis and Mann-Whitney test results for biolog data
between Salt Pond core layers
Core

Layer
(Mean
Rank)
A (51.70)

1

B (46.39)
C (47.41)
A (37.70)

2

B (53.17)
C (54.62)
B (54.16)

3

C (48.58)
D (42.77)
A (58.31)

4

B (37.97)
C (49.22)
A (54.84)

5

B (39.27)
C (51.39)

Layer
(Mean
Rank)
B (46.39)
C (47.41)
A (51.70)
C (47.41)
A (51.70)
B (46.39)
B* (53.17)
C* (54.62)
A* (37.70)
C (54.62)
A* (37.70)
B (53.17)
C (48.58)
D (42.77)
B (54.16)
D (42.77)
B (54.16)
C (48.58)
B* (37.97)
C (49.22)
A* (58.31)
C (49.22)
A (58.31)
B (37.97)
B*(39.27)
C (51.39)
A*(54.84)
C (51.39)
A (54.84)
B (39.27)

Difference
of Mean
Rank
5.31
4.29
5.31
1.02
4.29
1.02
15.47
16.92
15.47
1.45
16.92
1.45
5.31
11.39
5.31
5.81
11.39
5.81
20.34
9.09
20.34
11.25
9.09
11.25
15.57
3.45
15.57
12.12
3.45
12.12

Significance
0.413
0.555
0.413
0.911
0.555
0.911
0.028
0.011
0.028
0.892
0.011
0.892
0.607
0.052
0.607
0.580
0.052
0.580
0.002
0.166
0.002
0.068
0.166
0.068
0.009
0.871
0.009
0.151
0.871
0.151

ChiSquare

0.691

7.486

2.738

9.666

5.654

Note: * indicates significant difference (ρ < 0.05) according to the Mann-Whitney Test

Statistical analysis of Biolog core data (Table 13) shows that the aerobic
microbial community in Core 4 is statistically different from aerobic microbial
communities in all other cores. Core 2 is statistically different from all cores but Core 1.
Core 3 is statistically different from Cores 2 and 4; Core 5 is statistically different from
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Cores 2 and 4. Table 14 indicates that there are also statistical differences in the aerobic
communities between layers within some cores. No layers in Core 1 and Core 3 are
statistically different from other layers within the same core. In Core 2, layer A is
statistically different from layers B and C. In both Cores 4 and 5, Layer A is statistically
different from Layer B.

FAME Data
The Kruskal-Wallis and Mann-Whitney tests were performed on data obtained
from GC-MS analysis of extracted FAMEs. Area data from 18 fatty acids common to all
mat samples were used to determine if significant differences exist between microbial
communities in cores and layers. Tables 15, 16 and 17 provide descriptive statistics, core
to core comparison and layers within core comparison, respectively.

Table 15

Descriptive statistics for FAME data for Salt Pond
Core
1
2
3
4
5

N
54
54
72
54
54

Mean
1276100
1802000
3580100
2789600
2789600
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Standard Deviation
1689110
2202390
7245620
5767200
4644960

Table 16

Kruskal-Wallis and Mann-Whitney test results for FAME data
between Salt Pond cores
Core (Mean
Rank)
1 (114.15)

2 (145.89)

3 (165.76)

4 (134.48)

5 (155.13)

Core (Mean
Rank)
2* (145.89)
3* (165.76)
4 (134.48)
5* (155.13)
1* (114.15)
3 (165.76)
4 (134.48)
5 (155.13)
1* (114.15)
2 (145.89)
4* (134.48)
5 (155.13)
1 (114.15)
2 (145.89)
3* (165.76)
5 (155.13)
1* (114.15)
2 (145.89)
3 (165.76)
4 (134.48)

Difference of
Mean Ranks
31.74
51.61
20.33
40.98
31.74
19.87
11.41
9.24
51.61
19.87
31.28
10.63
20.33
11.41
31.28
20.65
40.98
9.24
10.63
20.65

Mann-Whitney
Significance
0.032
0.001
0.228
0.012
0.032
0.140
0.442
0.535
0.001
0.140
0.044
0.487
0.228
0.442
0.044
0.212
0.012
0.535
0.487
0.212

Chi-Square

13.542

Note: * indicates significant difference (ρ < 0.05) according to the Mann-Whitney Test

Table 16 shows that some cores have significantly different microbial
communities than other cores. Core 1 is significantly different than all other cores except
for Core 4. Core 2 is only significantly different than Core 1. The microbial community
present in Core 3 differs significantly from Cores 1 and 4. Core 4 is significantly
different than Core 3; Core 5 differs significantly from Core 1.
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Table 17

Kruskal-Wallis and Mann-Whitney test results for FAME data
between Salt Pond core layers
Core

Layer
(Mean Rank)
A (36.94)

1

B (25.94)
C (19.61)
A (33.61)

2

B (27.17)
C (21.72)
A (53.33)

B (39.56)
3
C (31.94)

D (21.17)
A (37.33)
4

B (21.44)
C (23.72)
A (36.83)

5

B (25.89)
C (19.78)

Layer
(Mean Rank)
B* (25.94)
C* (19.61)
A* (36.94)
C (19.61)
A* (36.94)
B (25.94)
B (27.17)
C* (21.72)
A (33.61)
C (21.72)
A* (33.61)
B (27.17)
B* (39.56)
C*(31.94)
D* (21.17)
A* (53.33)
C (31.94)
D* (21.17)
A*(53.33)
B (39.56)
D (21.17)
A*(53.33)
B*(39.56)
C (31.94)
B*(21.44)
C*(23.72)
A*(37.33)
C (23.72)
A*(37.33)
B (21.44)
B*(25.89)
C*(19.78)
A*(36.83)
C (19.78)
A*(36.83)
B (25.89)

Difference of
Mean Rank
11.00
17.33
11.00
6.33
17.33
6.33
6.44
11.89
6.44
5.45
11.89
5.45
13.77
21.39
32.16
13.77
7.62
18.39
21.39
7.62
10.77
32.16
18.39
10.77
15.89
13.61
15.89
2.28
13.61
2.28
10.94
17.05
10.94
6.11
17.05
6.11

Mann-Whitney
Significance
0.021
0.002
0.021
0.155
0.002
0.155
0.195
0.029
0.195
0.268
0.029
0.268
0.027
0.001
0.000
0.027
0.217
0.007
0.001
0.217
0.050
0.000
0.007
0.050
0.002
0.010
0.002
0.681
0.010
0.681
0.025
0.002
0.025
0.184
0.002
0.184

ChiSquare

11.189

5.152

22.544

10.737

10.861

Note: * indicates significant difference (ρ < 0.05) according to the Mann-Whitney Test
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Table 17 shows that with respect to FAME data, some layers are significantly
different to other layers within the same core, but some are not. In Core 1, the microbial
community in layer A is significantly different from the rest of the core. Layer A differs
significantly from layer C in Core 2. In Core 3, layer A is significantly different from the
remainder of the core, and layer B is significantly different from layers A and D. In
Cores 4 and 5, layer A is significantly different from layers B and C.

Microscopy
Environmental scanning electron microscopy (ESEM) and field emission
scanning electron microscopy (FESEM) were used to image microbial mat samples.
Reef biofilm samples were only imaged with FESEM. Producing quality images of
uncoated mat samples at magnifications greater than 7500x with the ESEM proved to be
difficult. Excessive charging commonly resulted in bright spots, streaking and false
jagged lines (Figure 11). Image quality on the ESEM improved once mat samples were
dehydrated and coated, but localized charging remained an issue. The FESEM proved to
be the most reliable for obtaining high resolution images at magnifications greater than
7500x. Reef samples were more easily imaged at magnifications greater than 30,000x
than microbial mat samples (Figure 12).
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Figure 11

ESEM image showing excessive charging in microbial mat sample.

Note:

S: Streaking resulting from charging
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Figure 12

Comparison of image quality at high magnification between
microbial mat and reef biofilm.

Note: A diatom in a reef biofilm at magnification of 75,000x (A) is clearer than a
microbial mat sample (B) magnified at 65,000 x.
Microbial Mat
Microbial mat samples 1A, 2B, 3C and 5B were biologically prepared for SEM.
Other layers of microbial mat sample were not intact when the time came to prepare
them, and therefore were not imaged. Samples 2B and 3C were further subdivided for
SEM.
Salt Pond 1A
Sample 1A was the uppermost portion of Core 1 from Salt Pond. 1A was
comprised of three visually distinct layers. The top layer was a thin crust of coarse grains
with a light green tint. Below was a thin, red, dense gelatinous layer. The third layer was
comprised of tan, coarse grains. When viewed with SEM, Sample 1A was characterized
by dried mucilaginous biofilm matrix. Halophytic bacteria (Figure 13), organic matter
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(Figures 13 and 14), hexagonal shapes forming in biofilm (Figure 15) and a weathered
radiolarian fragment (Figure 16) were present in Salt Pond 1A.

Figure 13

Salt Pond sample 1A containing dehydrated organic material and
halophytic bacteria (B)
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Figure 14

FESEM image of Salt Pond sample 1A. Higher magnification of
organic globules (O) seen in Figure 13
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Figure 15

ESEM image of Salt Pond 1A containing hexagonal shapes within
dehydrated biofilm
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Figure 16

ESEM image of Salt Pond 1A containing a weathered radiolarian
fragment

Salt Pond 2B
Sample 2B was divided into 4 layers, 2B a-d. 2Ba was the uppermost sample
taken from layer B. It was a thin, approximately 2 mm thick, black, spongy layer that
was dominated by filamentous bacteria in organic matter. Filamentous bacteria range
from approximately 10-25µm in length and are 1µm in diameter (Figure 17).
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Figure 17

ESEM image of filamentous bacteria (F) and organic material (O) in
Salt Pond 2Ba

Sample 2Bb was a thin (approximately 2 mm thick) maroon colored, dense,
spongy layer. The sample was mostly comprised of dense organic material with some
areas of dehydrated mucilaginous biofilm (Figure 18).
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Figure 18

ESEM image of sample 2Bb with dense organic matter (O), a net- like
organic matrix (N) and dehydrated biofilm (D)

Sample 2Bc was below the maroon layer. The sample was composed of two
layers totaling an approximate thickness of 6 mm. The tan layer appeared to be
composed of uncemented tan, coarse carbonate grain. The lower portion of the 2Bc
appeared dark gray in color and more cemented than the tan layer. Sample 2Bc had large
amounts of organic material dispersed with globular shapes that measure approximately 5
µm in diameter (Figures 19 and 20).
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Figure 19

ESEM image of Salt Pond 2Bc with organic material and strands of
biofilm
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Figure 20

FESEM image of organic material (O) and a biofilm in a net-like
matrix (N) in Salt Pond 2Bc

Sample 2Bd was the lowest layer of 2B. It was a brown layer approximately 1 cm
thick and had a spongy texture. Organic material dominated the sample. Tubular shapes
measuring approximately 1 µm in diameter were present along with rectangular (Figure
21) and cube-shaped (Figure 22) crystals that are possibly halite.
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Figure 21

FESEM image of an inorganic rectangular crystal (C), possibly halite,
and organic material (O) in Salt Pond 2Bd
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Figure 22

ESEM image of possible halite crystals (C) in organic material (O) in
Salt Pond 2Bd

Salt Pond 3C
Salt Pond Sample 3C was subdivided into three layers, 3Ca-c. The upper layer,
3Ca was a maroon layer of spongy consistency, was approximately 0.4 cm thick and was
particularly difficult to image. 3Ca was predominately composed of dehydrated biofilm
(Figure 23).
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Figure 23

ESEM image of Salt Pond 3Ca, which was dominated by dehydrated
biofilm

Sample 2Cb was grey with a muddy consistency. It was approximately 0.4 cm
thick. The sample was mostly dehydrated biofilm and organic matter. Rectangular
crystals and thin, elongated plates were also present in this sample (Figures 24 - 26).
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Figure 24

ESEM image of dehydrated biofilm containing elongated crystals (C)
in Salt Pond 3Cb
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Figure 25

ESEM image of Salt Pond 3Cb showing a higher magnification image
of elongated crystals (C) and dehydrated biofilm (B) present in Figure
24
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Figure 26

ESEM image of elongated crystals (C) in Salt Pond 3Cb

Sample 3Cc appeared to be composed of fine carbonate grains. In SEM images,
strings of dehydrated biofilm formed a web like matrix across some areas. Spherical
bacteria (B), or cocciod bacteria, arranged in a grape cluster were also present (Figure
27).
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Figure 27

ESEM image of cocciod bacteria (B) arranged as a “grape cluster” in
Salt Pond 3Cc

Salt Pond 5B
Sample 5B was dark grey and very moist. Layers within 5B could not be
determined for further subdivision. Figure 28 contains cellular material of a protoctist
micro-organism. Figure 29 is an image of Salt Pond 5B which contains large amounts of
organic matter with some collapsed structures, filaments, spheroids and a small pinnate
diatom.
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Figure 28

ESEM image of cellular material of a protoctist micro-organism (O)
surrounded by organic material present in Salt Pond 5B
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Figure 29

FESEM image of Salt Pond 5B containing spheroids (S), filaments
(F), a small pennate diatom (D) and organic material (O)

Reef Biofilm
Reef 1
Reef Sample 1 was a green leaf-like sample that was coated in a layer of slime.
FESEM images show layers of red algae peeling back (Figure 30). A diatom was present
in Reef Sample 1 (Figure 31).
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Figure 30

FESEM image of layers of red algae in Reef 1
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Figure 31

A diatom on dehydrated biofilm in Reef 1

Reef 2
Reef 2 was a sample collected from the surface of brain coral. The sample was a
combination of plates of coral in a gelatinous, sticky substance. In FESEM images, the
sample was dominated by sessile suspension feeders with nematocysts (Figure 32). The
long filamentous parts of the sessile suspension feeders create a web of intertwined
filaments, which are covered in a mesh of dehydrated biofilm (Figure 33). Organic
globules and bacteria are caught in the mesh of biofilm in some instances (Figure 34).
Algal needles are also present (Figure 35).
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Figure 32

FESEM image of Reef 2 containing everted nematocyst threads (N)
with filaments (F) and organic globules (O) in Reef 2
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Figure 33

A net-like biofilm matrix (N) with organic globules (O) in Reef 2
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Figure 34

Higher magnification image of organic globules in Figure 33
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Figure 35

FESEM image of a possible algal needle on dehydrated biofilm in
Reef 2

Reef 5
Images taken of Reef Sample 5 provide good examples of microzonation. In
Figures 36, spherical bacteria are separated from surrounding areas of dehydrated biofilm
by a mucilaginous sheath. The spherical bacteria, which are likely cocciod bacteria, are
fairly uniform in size with a diameter 10 µm. Most of the spherical bacteria are
surrounded in a mucilaginous substance that separates individual bacteria from
surrounding bacteria (Figures 36 and 37). Figure 38 shows dehydrated layers of algae
peeling back and rolling up.
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Figure 36

FESEM of Reef 5. Cocciod Bacteria (B) are separated from
surrounding areas by a mucilaginous sheath (S)
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Figure 37

Higher magnification FESEM image cocciod bacteria present in
Figure 36. Cocciod bacteria are separated from other bacteria by a
film (F)
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Figure 38

FESEM image of dehydrated red algae peeling back and curling.
Arrows indicate tears in the algae.

Reef 6
Reef Sample 6 was collected from brain coral; the sample was composed of small
plates of coral in a mucilaginous, sticky substance, similar to Reef Sample 2. When
viewed with FESEM, Reef 6 was mostly composed of a dehydrated sheath with some
everted nematocysts threads (Figure 39). In one area of Figure 39, the mucilaginous
sheath has dried at distinct angles.
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Figure 39

FESEM image of everted nematocyst threads (N) in Reef 6. Distinct
angles (A) were also present in the biofilm

Reef 8
Reef 8 was mostly comprised of a net like dehydrated biofilm material. Diatoms,
ostracodes and rod- shaped bacteria were also present (Figures 40 – 42).
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Figure 40

FESEM image of a diatom present in Reef 8
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Figure 41

Higher magnification image of the diatom present in Figure 40
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Figure 42

FESEM image of an ostracode (O) and rod- shaped bacteria (B) in
Reef 8
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CHAPTER IV
DISCUSSION
Microelectrode Profiles
The microbial mats from Salt Pond were found to have distinct chemical
microgradients. O2 concentrations measured in Salt Pond mats were much lower than
concentrations measured with microelectrodes in microbial mats from Solar Lake, Sinai
by Jorgensen et al. (1983). The maximum O2 concentration found in Solar Lake mats
was 1050 µM, compared to the maximum O2 concentration in Salt Pond mats, which was
154.44 µM. H2S concentrations were much higher in Salt Pond mats than in Solar Lake
mats. Solar Lake mats had a maximum H2S concentration of approximately 150 µM,
compared to Salt Pond mats which had a maximum H2S concentration of 7954.13 µM.
H2S concentrations measured in Salt Pond mats were surprisingly high, however they are
well below the H2S saturation level in 75 psu water at 20°C which is 88800µM according
to Duan et al. (2006). Rates of photosynthesis and aerobic respiration have been
measured in Salt Pond microbial mats with microelectrodes (Pinckney and Paerl, 1997;
Paerl et al., 2000); however, H2S concentrations have not been investigated in Salt Pond
mats.
Salt Pond Core 3 had second highest maximum O2 concentration and the deepest
O2 penetration. Pinckney and Paerl (1997) found that in shallow lagoons, microbial mat
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growth was most prolific at the edge of the water where mats are subaerially exposed but
periodically wetted. Prolific mat growth is attributed to their finding that dissolved O2
concentrations greater than 125% saturation drastically reduced oxygenic photosynthesis.
According to Pinckney and Paerl (1997), microbial mats at the margins of the lagoons
have the best conditions for diffusive O2 exchange between the mat and atmosphere
because they have the greatest surface area to water volume ratio which promotes gas
exchange and makes supersaturation less likely. At the time of sampling, Salt Pond Core
3 was subaerially exposed but was also wet, giving it the highest surface area to water
volume ratio and therefore the greatest potential for gas exchange. Core 3 also had the
highest H2S concentration, nearly the highest O2 concentration, and the highest
percentages of C and N, which could be an indication of high microbial activity.
Reef microelectrode results were not consistent with expectations. All reef
samples had H2S concentrations between 29 and 50 µM. Two of the six samples had
average O2 concentrations below 5 µM. Low O2 levels were not expected. The low O2
levels may be an indication of micro-zonation occurring within the biofilm. There may
have actually been O2 present in the samples, but the electrode tip went through an anoxic
micro-zone.

Carbon Nitrogen Content
According to Byers et al., (1978), marine sediments can have TOC contents
ranging from less than 0.1% to greater than 30%. TC and TOC percentages measured in
the Salt Pond microbial mats fall within that range, but are significantly higher than
percentages commonly found in other environments. Nitrogen content in Salt Pond mats
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was also higher than in other environments. Sell and Morse (2006) measured TOC
values between 0.22-0.79 % in marine sediments in Corpus Christi Bay. McNeal and
Herbert (2009) measured 2.1% TC and 0.10% N (21:1 C:N ratio) in seasonal wetland
sediments. Bebout et al. (2002) measured a C:N ratio of 12.1:1 in microbial mats from a
saltern in Baja California, Mexico. Soils collected from Germany and Switzerland had
TOC contents between 0.8-2.2% and N contents between 0.09-0.24% (Widmer et al.,
2001).
According to Byers et al. (1978) C:N ratios of 6-7:1 are indicative of organic
matter originating from a pelagic source (e.g. fallout from the water column). Higher
C:N ratios indicate terrestrial input. C:N ratios in Salt Pond microbial mats range from
approximately 117:1 to 18:1, with the ratio generally decreasing from the road, where
vegetation exists, towards the middle of the pond.

Microbial communities
Statistical analysis of FAME and Biolog data shows the diversity of the microbial
communities present in the microbial mats. Biolog analysis of significant differences
between layers had some unexpected results. Cores 1 and 3 had no statistical differences
in the aerobic microbial community present in different layers. Cores 1 and 3 also had
high O2 concentrations and O2 penetration which could allow for aerobic microbes to
exist in larger parts of the mats. It is also possible that facultative anaerobic microbes,
which could exist in aerobic and anaerobic zones, are constituents of the community.
FAME data indicates that the microbial community does vary in Cores 1 and 3.
Significant differences exist between many layers. Biolog results for layers in Cores 4
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and 5 also did not follow the expected trends. It was expected that if significant
differences existed, the differences would be between the top and bottom layers, and that
the middle layer would be less likely to be significantly different, as was seen in Core 2.
In Cores 4 and 5, the top and middle layers (e.g. A and B) are significantly different from
each other, but the bottom layer is not significantly different. In this case the microbial
community in the middle layers may be comprised of facultative anaerobes that are
present in the transition zone between oxic and anoxic zones. Alternatively, it is possible
that Biolog is not a suitable form of analysis for microbial mats because the carbon
substrates available in the Ecoplate are not readily utilized by the microbes present in the
microbial mat samples. The Biolog results may only be a representation of a small part
of the community that exists. FAME results for all cores generally followed the expected
trends.
Core-to-core comparison of the aerobic communities and entire microbial
communities also returned interesting results. In many instances, FAME and Biolog did
not reveal significant differences between the same cores. FAME results for Cores 1 and
2 were reverse of Biolog results for the same cores. Significant differences existed in
Biolog results between Core 1 and Core 4; FAME results showed significant differences
between Core 1 and all cores but Core 4. According to Biolog results, the aerobic
community in Core 2 was statistically different from Cores 3, 4 and 5, but FAME results
show that Core 2 had statistically different fatty acid signatures than Core 1.
A variety of fatty acids were common to all samples. Examples of
monounsaturated fatty acids common to all samples are myristoleic acid (14:1),
palmitoleic acid (16:1), euric acid (18:1) and vaccenic acid (18:1). Lauric acid (12:0)
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was also present is all samples. Oleic, vaccenic and palmitoleic acids have been
documented in microbial mats in a commercial saltern that were studied by Bebout et al.,
2002.

Microscopy
SEM images of microbial mats revealed that there was a large amount of organic
material, but an insignificant amount of precipitates. The research expectation was that
larger amounts of precipitates would be found because this is a carbonate sedimentary
environment.
Ideally, images would have been produced for every subsection of each microbial
mat, but many of the samples lost their integrity during transportation. It is possible that
the organics that dominated the intact samples held the sample together, whereas the
samples that fell apart might have had more sediment, but were not studied with SEM
because of difficulty manipulating the individual fine grained particles. Halophytic
bacteria were only seen in Salt Pond sample 1A, which could be explained by it being the
driest of all samples that were able to be imaged. In ESEM images there appeared to be
salt crystals, but at higher magnifications the structures seem to be dried organic material.
What are believed to be crystal forms are present in Cores 2 and 3. “Grape clusters”
similar to those seen by Fratesi et al. (2004) were present. Filamentous bacteria and
coccoid bacteria have been imaged in SEM and other forms of microscopy by Paerl and
Pinckney (1997) and Jorgensen et al. (1983). Paerl and Pinckney (1997) determined that
filamentous cyanobacteria and purple sulfur bacteria were the predominant constituents
of the phototrophic community in microbial mats from Salt Pond.
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SEM images of reef biofilm showed that a higher number of species of
microorganisms were present in the reef biofilm than the microbial mats. This was
expected because reef communities normally display high diversity among macro
organisms. In contrast, a hypersaline lagoon is a physiologically demanding environment
normally associated with low species diversity. Precipitates were not present in the
biofilm as anticipated. It is possible that biofilm samples need to be collected from areas
of the reef that are not as exposed to either wave energy or grazing from fish in order to
observe precipitates within the biofilm.

Biologically Induced Carbonate Precipitation
Although precipitation was not imaged with SEM, in a related study (Corley,
2009), precipitates were imaged with transmission electron microscopy (TEM). It is
clear that processes such as sulfate reduction and oxygenic photosynthesis are occurring
with the microbial mats. Visscher et al. (2000) has shown that sulfate reduction is
associated with lithified micritic layers in modern stromatolites. Paerl and Pinckney
(1997) showed that rates of oxygen production and uptake in Salt Pond microbial mats
were similar in the day, which indicates that the combination of photosynthesis and
aerobic respiration do not result in net precipitation or dissolution of CaCO3. Sulfide
oxidation, which has been shown to influence CaCO3 dissolution, can only be occurring
within areas where O2 and H2S are both present (Visscher et al., 1998). The zones in
which sulfide oxidation could possibly occur are thin, between 0.15-0.8 cm, and it is
therefore believed that sulfide oxidation is only a minor contributor. The H2S-rich zones
of the Salt Pond mats, which had not been documented before this study, are believed to
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be dominated by sulfate reduction and likely sulfate reducing bacteria, which can induce
CaCO3 precipitation. Also, if the fluctuations that occur over a 24- hour period are
considered, there should be net CaCO3 precipitation during the night when aerobic
bacteria are less active due to a decrease in available O2, and sulfate-reducing bacteria are
unaffected. An idealized microbial mat profile (Figure 43) shows the dominant microbial
processes occurring within zones of the mat and how the processes should influence
CaCO3. Zones of the Salt Pond microbial mats that favor CaCO3 precipitation are
comparably larger than zones that favor CaCO3 dissolution (Figure 44).

Figure 43

Idealized microelectrode profile showing dominant redox processes
occurring in association with chemical microgradients and the
resulting impact on CaCO3
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Figure 44

Salt Pond microelectrode profiles related to redox processes and the
resulting impact on CaCO3

Although SEM images did not reveal the presence of CaCO3 precipitates in the
microbial mat or biofilm samples, Corley (2009) used transmission electron microscopy
(TEM) to image aragonitic “fuzzy dumbbells” in samples taken from the same cores that
were used in this study. Staining allowed for differentiation of organic and inorganic
material. Inorganic crystals precipitated around an organic core (Corley, 2009). It is
suggested that future research use a combination of SEM and TEM imaging techniques.
TEM is preferable to SEM in many instances for two reasons: 1. it is capable of higher
magnifications and 2. the TEM electron beam penetrates the sample. SEM images record
the surface characteristics of a sample. Many features of the microbial mats, such as
precipitates, could have been covered by dehydrated biofilm and therefore not be visible
in SEM images.
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Figure 45

TEM image of an aragonite crystal in Salt Pond sample 2B (Corley,
2009)
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CHAPTER V
CONCLUSIONS

Microbial mats from Salt Pond, San Salvador are heterogeneous with respect to
grain size, texture, chemical composition and microbial community. The microbial mats
exhibit distinct chemical microgradients that can be directly related to microbial
metabolic redox reactions that other studies have shown to influence precipitation and
dissolution of CaCO3. Microbial communities vary between some cores and some layers
within cores, but with no apparent pattern or controlling factor.
Microbial mats had an oxic upper portion of varying thickness and a H2S-rich
lower portion, also of varying thickness. Salinity does not appear to be the dominant
controlling factor affecting O2 concentrations. Sub-aqueous microbial mats had much
lower O2 concentrations and thinner zones of O2 penetration; sub-aerially exposed mats
and the transitional mat had similar O2 concentrations. Bacteria present in SEM images
of oxic layers of microbial mats were predominantly filamentous bacteria; spherical
bacteria were more common in lower, H2S-rich portions of the mats. SEM images also
revealed that the amount of organic material greatly exceeds amounts of precipitates.
Mat samples had high TC and TOC values compared to typical marine environments.
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In SEM images, reef biofilm was also dominated by organic material. Organisms
present within reef samples included higher-order protoctists and multicellular organisms
in contrast to the simple prokaryotes that were seen in the microbial mats. Nematocyst
threads from cnidarian polyps, diatoms, red algae and coccoid bacteria were present in
reef samples. Through microelectrode profiling, it was determined that low
concentrations of H2S (approximately 30-50 µM) were present in all reef samples. O2
concentrations ranged from approximately 235 µM to anoxic.
Limitations
The research was limited by some factors that could be accounted for in future
research, and some that cannot be avoided.
Light availability has been shown to affect both the rates of O2 production and the
depth of water in which photosynthetic microorganisms will thrive. O2 measurements
obtained at the San Salvador and Abaco field stations were obtained under constant
amounts of light, but likely not the same light conditions that were present at collection
sites. Also, photosynthetic activity was temporarily ceased while the cores were capped,
preventing light from reaching the upper layers of the mat. Photosynthetic activity
should have resumed once the caps were removed at the field station, however it is not
known if the rates of photosynthesis returned to in situ levels. Future research should
attempt to constantly keep mats exposed to in situ amounts of light to avoid possible
shifts in the chemical gradients and bacterial zonation. Changes in chemical
concentrations in reef biofilm may have also occurred due to changes in light exposure
between the reef and the field station. Reef biofilm samples were exposed to varied
amounts light on the reef because light is increasingly attenuated with increased water
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depth. In order to recreate in situ light conditions in the laboratory for reef biofilm
samples, light intensity at each collections location must be determined, and a similar
light condition must be created in the lab for each sample.
The small amount of biofilm that was able to be collected from the reef limited
the number of biogeochemical analyses that could be performed on the biofilm, and
therefore, limited comparisons that could be made between reef biofilm and microbial
mat samples. Microelectrode profiling of biofilm was also limited by the thickness of the
biofilm and by the inability of the microelectrode tips to penetrate the samples.
Biolog studies were limited to aerobic respiring bacteria because of the lack of an
anaerobic chamber in the laboratory. Future research should also use anaerobic Biolog
plates in order to account for microorganism present in both the oxic and anoxic
environments of the mats.

Future Research
The relationships of microbial metabolism to microbialites are not fully
understood. Many possibilities for future research related to this study are available.
Sulfate reduction should be mapped two-dimensionally on the microscale in microbial
mat samples using silver foil coated with 35SO42- . Also, rates of photosynthesis should
be determined and other redox reactions such as denitrification, manganese reduction,
iron reduction and methanogenesis should be analyzed. Future research could also
include day-night microelectrode profiling as well as seasonal profiling. XRF and XRD
should be used to determine if and precipitates signatures exist. Lastly, Biolog should be
further researched to determine if it is a valid method for studying microbial mats.
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